INTRUDUCTION
============

*Toxoplasma gondii* is the causative agent of toxoplasmosis, one of the most severe infectious diseases worldwide, and infects members of the Felidae family and a wide range of intermediate hosts, including warm-blooded animals and humans \[[@b1-kjp-54-2-155]\]. Toxoplasmosis can lead to a congenital disease and abortion in humans and domestic animals. In humans, the infection is usually subclinical; however, cervical lymphadenopathy or ocular disease can be present in some patients. Typical clinical symptoms of congenital toxoplasmosis, as proposed by Sabin in 1942 \[[@b2-kjp-54-2-155]\], include hydrocephalus or microcephalus, intracerebral calcification, and chorioretinitis. In addition, acquired toxoplasmosis can manifest itself in a variety of places, such as on lymph nodes, liver, heart, lungs, and skeleton \[[@b3-kjp-54-2-155]\].

After Sabin and Warren \[[@b4-kjp-54-2-155]\] reported the effectiveness of sulfonamides against murine toxoplasmosis, Eyles and Coleman \[[@b5-kjp-54-2-155]\] discovered the synergistic effect of combined therapy with sulfonamides and pyrimethamine, which has since been a standard treatment for toxoplasmosis in humans. Since 1958, when it was shown that spiramycin has anti-*Toxoplasma* activity in mice \[[@b6-kjp-54-2-155]\], it has been a recommended treatment for pregnant women, to reduce transmission of the parasite from mother to fetus \[[@b7-kjp-54-2-155]\]. In addition, clindamycin showed anti-*Toxoplasma* activity in conjunction with other drugs, especially in patients allergic to sulfonamides \[[@b8-kjp-54-2-155],[@b9-kjp-54-2-155]\]. However, adverse effects of sulfadiazine plus pyrimethamine, or clindamycin plus pyrimethamine, such as skin rash, fever, and bone marrow suppression, are frequently observed \[[@b10-kjp-54-2-155]-[@b12-kjp-54-2-155]\]. Therefore, the development of alternative therapies with fewer allergic and adverse effects to treat toxoplasmosis is necessary.

Nitrofurantoin, (Z)-1-\[(5-nitrofuran-2-yl)methyleneamino\]-imidazolidine-2,4-dione ([Fig. 1](#f1-kjp-54-2-155){ref-type="fig"}), is a newly synthesized derivative of imidazolidine-2,4-dione. Although it had been reported that imidazolidine-2,4-dione derivatives have biological activities in vitro and in vivo, their effects against *T. gondii* have not been investigated. Therefore, in the present study, nitrofurantoin was investigated for anti-*T. gondii* effects in vitro and in vivo.

MATERIALS AND METHODS
=====================

Drugs and reagents
------------------

Nitrofurantoin and pyrimethamine were purchased from Sigma-Aldrich Chemical Co. (St. Louis, Missouri, USA). The CellTiter 96 AQueous One Solution Cell Proliferation Assay kit was purchased from Promega Corporation (Madison, Wisconsin, USA). All the sera, antibiotics, and RPMI 1640 for cell culture were obtained from Invitrogen (Grand Island, New York, USA). All the chemicals were of reagent grade.

Cell culture and *T. gondii* maintenance
----------------------------------------

HeLa cells were cultured in RPMI 1640 medium supplemented with 10% heat-inactivated fetal bovine serum, 100 units/ml penicillin, and 100 μl/ml streptomycin with 5% CO~2~ at 37˚C. *T. gondii* (RH strain) was maintained in female ICR mice (Koatech, Pyeongtaek, South Korea), and tachyzoites were obtained from peritoneal fluid.

Cell proliferation assay
------------------------

A 3-(4,5-dimethylthiazol-zyl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt (MTS) assay was used to determine cell proliferation by the CellTiter 96 AQueous One Solution Cell Proliferation Assay kit. HeLa cells were grown and infected with *T. gondii* for 24 hr in a 96-well microplate, and then treated with drugs. After 24 hr, 20 μl of MTS solution was added directly into culture wells, followed by incubating for 1.5 hr at 37˚C and measuring the absorbance at 490 nm in a microplate reader. Cell viability was expressed as a percentage of the control value.

Drug selectivity
----------------

Drug selectivity and individual effective concentrations (EC~50~) were determined as previously described \[[@b13-kjp-54-2-155]\]. For nitrofurantoin, the selectivity was calculated by the formula:

Selectivity=HeLa cell EC~50~/*T. gondii* EC~50~.

Animal treatment
----------------

Female ICR mice (6-week-old, 5 mice/group) were injected with 1×10^5^ tachyzoites in the abdominal cavity. Mice were separated into 4 groups: normal (no *T. gondii*), negative control (*T. gondii* and water), positive control (*T. gondii* and pyrimethamine), and drug treated (*T. gondii* and nitrofurantoin). After infection for 2 hr, negative control, positive control, and drug-treated groups were administered 300 μl of water, pyrimethamine, or nitrofurantoin, respectively, once/day for 4 days. Animals were sacrificed 4 days post infection. Ascites fluid was drawn for determining tachyzoite proliferation. Spleens and livers were weighed and then lipid peroxidation (LPO) and glutathione (GSH) levels were measured in the livers.

LPO assay
---------

LPO activity was measured by determining malondialdehyde (MDA) levels using thiobarbituric acid as described previously \[[@b14-kjp-54-2-155]\]. Liver homogenate was added to 0.2 ml of SDS (8.1%), 1.5 ml of thiobarbituric acid (0.67%), 1.5 ml of acetic acid (pH 3.5), and 0.6 ml of water. After incubation at 95˚C for 1 hr, it was cooled to room temperature. After adding 5 mk of n-butanol, the samples were centrifuged at 4,000 rpm for 10 min, and the absorbance of the organic layer was measured at 532 nm. Tetraethoxypropane was used in place of the liver homogenate for the standard.

GSH assay
---------

Liver GSH was measured using an enzymatic recycling method \[[@b15-kjp-54-2-155]\]. The liver was pulverized in 8 ml of buffer (1 M HClO~4~ and 2 mM EDTA) using a Polytron homogenizer. The homogenate was centrifuged at 5,000 rpm for 5 min, and the supernatant was transferred to a semi-micro cuvette. Phosphate buffer (0.125 M phosphate, 6.3 mM EDTA, pH 7.5), NADPH (0.3 mM, 0.7 ml), and 5,5ʹ-dithio-bis-(2-nitrobenzoic acid) (6 mM, 0.1 ml) were then added to the supernatant, followed by mixing and incubating at room temperature for 4 min. Finally, glutathione reductase (50 units/ml) was added, and the absorbance was measured at 412 nm.

Alanine aminotransferase (ALT) and aspartate aminotransferase (AST) levels
--------------------------------------------------------------------------

Serum levels of AST and ALT were measured as previously described \[[@b16-kjp-54-2-155]\]. Briefly, ALT or AST substrate was incubated with serum at 37˚C for 30 min or 60 min, followed by the addition of 2,4-dinitrophenylhydrazine at room temperature for 20 min. NaOH was then added and the mixture incubated for 30 min followed by measuring the absorbance at 520 nm.

Statistical analysis
--------------------

Statistical analysis was performed by the Student's *t*-test. Differences were considered to be significant at *P*\<0.05.

RESULTS
=======

Selectivity of nitrofurantoin in vitro
--------------------------------------

In our study, the system for *T. gondii* drug screening has been used in vitro, which involved cell viability methods to calculate nitrofurantoin selectivity \[[@b13-kjp-54-2-155]\]. The selectivity reflects the efficacy of the test compound against *T. gondii* and toxicity for host cells. The selectivity of nitrofurantoin and pyrimethamine was measured in HeLa cells and was determined to be 2.3 and 0.9, respectively ([Table 1](#t1-kjp-54-2-155){ref-type="table"}). The effect of nitrofurantoin on cell proliferation after infection with *T. gondii* is shown in [Fig. 2](#f2-kjp-54-2-155){ref-type="fig"}. Nitrofurantoin showed dose-dependent inhibition of *T. gondii* infection; concentrations of 5, 10, 20, and 40 μM resulted in 17, 30, 58, and 80% inhibition, respectively, compared to the negative-control group. In addition, the EC~50~ of nitrofurantoin against *T. gondii* was calculated to be 14.7 μM, and that for HeLa cells was 33.1 μM (data not shown). Nitrofurantoin had a higher selectivity than pyrimethamine, and showed good efficacy as an anti-*T. gondii* compound in vitro.

Effect of nitrofurantoin on liver and spleen weights
----------------------------------------------------

The relative liver weight of all groups did not change significantly compared with the normal group, but that of the spleen was changed. Compared with the normal group, the relative spleen weight of the *T. gondii*-negative, nitrofurantoin, and pyrimethamine groups was significantly increased to 215, 147, and 214%, respectively. When the nitrofurantoin group was compared to the *T. gondii*-negative group, these increases were reduced to 43%, whereas pyrimethamine did not show this effect.

Therapeutic efficacy of nitrofurantoin against *T. gondii* in vivo
------------------------------------------------------------------

Our in vivo model used 6-week-old mice; however, 4-week-old mice were used in our previous study \[[@b17-kjp-54-2-155]\], and we therefore repeated the determination of the optimal dose of the positive-control compound, pyrimethamine, for this study. We found 20 mg/kg pyrimethamine to be an optimally effective and safe dose (data not shown). Mice were sacrificed 4 days post infection, and ascites fluid was used to determine tachyzoite proliferation. The dose-dependent effects of nitrofurantoin (orally 20, 50, and 100 mg/kg) in mice were first examined. The lower concentrations, 20 and 50 mg/kg, of nitrofurantoin did not show any anti-*T. gondii* effect in the peritoneal cavity, whereas 100 mg/kg dose significantly reduced the tachyzoite number in the peritoneal cavity ([Fig. 3](#f3-kjp-54-2-155){ref-type="fig"}). Based on these results, 20 mg/kg pyrimethamine and 100 mg/kg nitrofurantoin were used in our in vivo experiment, even though the nitrofurantoin concentration was higher than that of pyrimethamine. The numbers of tachyzoites in the peritoneal cavity of *T. gondii*-negative group, pyrimethamine-treated positive group, and nitrofurantoin-treated group were 105.7, 22.9, 104.8, 94.5, and 58.5 (×10^6^), respectively. The inhibition rate of *T. gondii* growth in the peritoneal cavity was significantly different (44.7%) compared to the negative group after treatment with 100 mg/kg nitrofurantoin. However, this inhibition was not significantly better than that of the group with 20 mg/kg pyrimethamine treatment (78.3%). These results suggested that nitrofurantoin produced a good anti-*T. gondii* effect in mouse peritoneal cavities.

Effect of nitrofurantoin on ALT and AST levels in *T. gondii*-infected mice
---------------------------------------------------------------------------

During natural infections, *T. gondii* initially crosses the intestinal epithelium, disseminates into deep tissues, and enters the circulation, which leads to hepatotoxicity and increase in serum AST and ALT levels. The serum ALT and AST levels, which indicate hepatotoxicity, are shown in [Fig. 4](#f4-kjp-54-2-155){ref-type="fig"}. AST and ALT levels were elevated in the negative group and nitrofurantoin-treated group, as compared with the normal group ([Fig. 4](#f4-kjp-54-2-155){ref-type="fig"}). The AST (53%) and ALT (51%) levels were reduced significantly after nitrofurantoin was administered to the negative group, although their levels were not significantly less than those in the pyrimethamine group.

Effect of nitrofurantoin on MDA levels in *T. gondii*-infected livers
---------------------------------------------------------------------

To observe the effects of nitrofurantoin on cell damage, malondialdehyde (MDA), which is a product of LPO and an index of oxidative damage, was assayed by using thiobarbituric acid. The MDA level was significantly decreased to 52% compared with the negative group when treated with 100 mg/kg nitrofurantoin ([Fig. 5](#f5-kjp-54-2-155){ref-type="fig"}), which is similar to that observed in the pyrimethamine group.

Effect of nitrofurantoin on GSH levels in *T. gondii*-infected livers
---------------------------------------------------------------------

We also measured the level of GSH, one of the most important antioxidant molecules in the liver. The normal GSH level was usually maintained at about 6.61±1.23 μmol/g, but the infected group showed a 65% decrease to about 4.32±1.55 μmol/g, compared to the normal group. However, the GSH level of the nitrofurantoin-treated group significantly increased by 30% compared to that of the negative group ([Fig. 6](#f6-kjp-54-2-155){ref-type="fig"}).

DISCUSSION
==========

It is well known that standard treatment of toxoplasmosis is usually accompanied with severe side effects; thus, identification of alternative therapeutic compounds is urgently needed. In the present study we evaluated the efficacy and toxicity of a new synthetic imidazolidine-2,4-dione derivative, nitrofurantoin, in vitro and in vivo. It had been reported that many imidazolidine-2,4-dione derivatives have biological activities in vitro and in vivo. Some investigators have found that imidazolidine-2,4-dione derivatives exhibit potential antidepressant activity with a mechanism different from that of the tricyclic antidepressants and monoamine oxidase inhibitors\[[@b18-kjp-54-2-155]\], and exert an inhibitory effect against the central nervous system, including anxiety-relieving, anticonvulsant, and anti-depressive effects \[[@b19-kjp-54-2-155]\]. In addition, some of these derivatives have shown antiarrhythmic activity in chloroform-, barium chloride-, or adrenaline-induced arrhythmia \[[@b20-kjp-54-2-155]\]. Moreover, these derivatives have been shown to selectively inhibit human heart chymase \[[@b21-kjp-54-2-155]\], and some were identified as fatty acid amide hydrolase inhibitor templates \[[@b22-kjp-54-2-155]\], as novel antitumor agents \[[@b23-kjp-54-2-155]\], and as potent radiosensitizing agents \[[@b24-kjp-54-2-155]\]. However, there have been no studies of nitrofurantoin, especially concerning its anti-*T. gondii* activities.

In our study, we have developed a simple high-throughput assay for in vitro drug screening \[[@b13-kjp-54-2-155]\], which is fast, simple, and effective, compared with other reported methods. The inhibition of the in vitro infection rate of host cells (EC~50~) was determined by the MTS assay to calculate drug selectivity. These measurements reflected the efficacy of nitrofurantoin against *T. gondii* and toxicity for host cells.

In the current study, nitrofurantoin displayed higher selectivity than pyrimethamine in vitro. In contrast, the pyrimethamine inhibition rate was higher than that of nitrofurantoin in vivo. This discrepancy may be because the clinical parameters of pyrimethamine for use against *T. gondii* have been optimized, such as its concentration and side effects.

Pyrimethamine is known to have antimalarial activities and is used clinically in the therapy of toxoplasmosis and human immunodeficiency virus-associated pneumonia. For adults, pyrimethamine is administered at 25 mg per day for 3-4 weeks, whereas children are administered 2 mg/kg/day for 3 days, and then 1 mg/kg/day (maximum 25 mg/day) for 4 weeks. In animal models, one study reported using a combination of dapsone and pyrimethamine in which pyrimethamine was administered at 18.5 mg/kg/day \[[@b25-kjp-54-2-155]\]; however, this dosage was previously reported to be non-curative against *T. gondii* infection \[[@b26-kjp-54-2-155]\]. It has been reported that 12.5 mg/kg of pyrimethamine inhibited the growth of tachyzoites by about 55.5% in 4 days \[[@b17-kjp-54-2-155]\]. This result is consistent with the present study in that 20 mg/kg of pyrimethamine inhibited the growth of tachyzoites by 78.3%.

Toxoplasmosis causes liver pathologies \[[@b27-kjp-54-2-155]\], and the significant agreement of serologically positive cases with elevated plasma AST and ALT has been reported \[[@b28-kjp-54-2-155]\]. A decrease in GSH activity was detected, while an increase of MDA was observed in *T. gondii*-infected patients \[[@b29-kjp-54-2-155]\]. Therefore, we assessed the plasma activities of ALT, AST, GSH, and MDA in T. gondi-iinfected liver homogenates to compare the efficacy of nitrofurantoin to that of pyrimethamine. Previously, we found that 6-trifluoromethyl-2-thiouracil, a potent anti-T.gondii compound, could recover ALT, AST, and MDA to normal level in *T. gondii*-infected mice but it could not increase the *T. gondii*- reduced GSH level \[[@b30-kjp-54-2-155]\].

In summary, nitrofurantoin showed good anti-toxoplasmosis effects in *T. gondii*-infected mice. Furthermore, it showed effective protection against *T. gondii*-induced damage in the liver, similar to that of pyrimethamine. Thus, nitrofurantoin is a potentially useful anti-*T. gondii* candidate drug that could have a therapeutic value for the treatment of toxoplasmosis. Additional studies are needed to determine the pharmacological indices of nitrofurantoin, such as the side effects and chronic toxicity.
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![The effect of nitrofurantoin on cell proliferation after infection with *T. gondii* by MTS assay in HeLa cells. The data are presented as means±SD. The experiments were performed in triplicate. Statistical analysis was performed using the Student's *t*-test. ^\*^*P*\<0.05, ^\*\*^*P*\<0.01, and ^\*\*\*^*P*\<0.001 were considered significant relative to the negative control.](kjp-54-2-155f2){#f2-kjp-54-2-155}

![Number of tachyzoites in the mouse peritoneal cavity. After mice were infected with *T. gondii* (10^5^/mouse) for 2 hr, the negative-control, positive-control, and nitrofurantoin-treated groups were treated orally by gavage once per day for 4 days with water, 20 mg/kg pyrimethamine, or nitrofurantoin (20, 50, and 100 mg/kg), respectively. All mice were sacrificed 4 days post infection, and tachyzoites were harvested from peritoneal cavities (5 mice/group). ^\*\*^*P*\<0.01 and ^\*\*\*^*P*\<0.001 were considered significant compared to the negative control.](kjp-54-2-155f3){#f3-kjp-54-2-155}

![Serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST) levels in ICR mice after treatment with *T. gondii*, nitrofurantoin, and pyrimethamine. Mice received an abdominal cavity injection with tachyzoites. After infection for 2 hr, negative-control, positive-control, and drug-treated groups were orally administered 300 μl water, pyrimethamine, and nitrofurantoin, respectively, once per day for 4 days. The serum levels of AST and ALT were determined by a colorimetric assay. The values are means±SD (n=5), and the data were analyzed by Student's *t*-test. ^\*^*P*\<0.05 and ^\*\*\*^*P*\<0.001 were considered significant relative to the negative-control group.](kjp-54-2-155f4){#f4-kjp-54-2-155}

![Effects of nitrofurantoin on malondialdehyde levels in livers of female ICR mice. The malondialdehyde content of the liver was determined after 4 days of treatment. The values are means±SD (n=5), and the data were analyzed by Student's *t*-test. ^\*\*\*^*P*\<0.001 was considered significant relative to the negative-control group.](kjp-54-2-155f5){#f5-kjp-54-2-155}

![Effects of nitrofurantoin on glutathione levels in the livers of female ICR mice. The total glutathione content of the liver was determined after 4 days of treatment. The values are means±SD (n=5), and the data were analyzed by Student's *t*-test. ^\*\*^*P*\<0.01 and ^\*\*\*^*P*\<0.001 were considered significant compared with the negative-control group.](kjp-54-2-155f6){#f6-kjp-54-2-155}

###### 

Selectivity of nitrofurantoin in HeLa cells

                   EC~50~ in HeLa cells (μM)   EC~50~ in *T. gondii* (μM)   Selectivity
  ---------------- --------------------------- ---------------------------- -------------
  Nitrofurantoin   33.1                        14.7                         2.3
  Pyrimethamine    760                         850                          0.9
